Pseudomonas sp. strain T and Pseudomonas sp. strain K172 grow with toluene under denitrifying conditions. We demonstrated that anaerobic degradation of toluene was initiated by direct oxidation of the methyl group. Benzaldehyde and benzoate accumulated sequentially after toluene was added when cell suspensions were incubated at 5°C. Strain T also grows anaerobically with m-xylene, and we demonstrated that degradation was initiated by oxidation of one methyl group. In cell suspensions incubated at 5°C 3-methylbenzaldehyde and 3-methylbenzoate accumulated after m-xylene was added. Toluene-or m-xylene-grown strain T cells were induced to the same extent for oxidation of both hydrocarbons. In addition, the methyl group-oxidizing enzyme system of strain T also catalyzed the oxidation of each isomer of the chloro-and fluorotoluenes to the corresponding halogenated benzoate derivatives. In contrast, strain K172 only oxidized 4-fluorotoluene to 4-fluorobenzoate, probably because of the narrow substrate specificity of the methyl group-oxidizing enzymatic system. During anaerobic growth with toluene strains T and K172 produced two transformation products, benzylsuccinate and benzylfumarate. About 0.5% of the toluene carbon was converted to these products.
Anaerobic degradation of toluene has been observed under different redox conditions (8, 11, (19) (20) (21) , and several pure cultures of iron-reducing (13) , denitrifying (4, 6, 16) , or sulfate-reducing (14) bacteria which grow anaerobically with toluene have been isolated. Whereas aerobic degradation of toluene is always initiated by oxygenases that utilize molecular oxygen as a cosubstrate (10, 17) , anaerobic toluene metabolism has to be catalyzed by a different enzymatic system. Benzoate was identified in several enrichment and pure cultures as a transient intermediate during anaerobic degradation of toluene (1, 3, 9, 12, 16) . Benzoate is a central intermediate in the anaerobic degradation of many aromatic compounds (for reviews see references 7 and 15) , and the transient accumulation of benzoate provides only very limited information concerning the initial reactions during toluene degradation. Several mechanisms for the initial anaerobic activation of toluene have been proposed. Recently, oxidative condensation of toluene with acetyl-coenzyme A to phenylpropionyl-coenzyme A was proposed as the initial reaction in denitrifying bacterial strain Ti (5) . In methanogenic microcosms traces of p-cresol accumulated during toluene degradation, and on the basis of this information Vogel and Grbic-Galic postulated that hydroxylation of the aromatic nucleus occurs (19) . It has been proposed that in iron-reducing and denitrifying bacteria anaerobic hydroxylation of the methyl group of toluene yields benzoate via benzylalcohol and benzaldehyde (1, 8, 13, 16) . Recently, formation of the aromatic alcohol and aldehyde was demonstrated in an inhibition experiment performed with a denitrifying Pseudomonas sp. strain (2) .
Both denitrifying Pseudomonas sp. strain T and denitrifying Pseudomonas sp. strain K172 grow anaerobically with toluene, t Present address: Swiss Federal Institute for Water Resources and Water Pollution Control (EAWAG/ETH), CH-6047 Kastanienbaum, Switzerland. benzaldehyde, and benzoate, but only strain K172 also grows with benzylalcohol (4, 16, 18) . Carboxylation of toluene to yield phenylacetate or methylbenzoate (toluate) does not occur in strains K172 and T (1, 16) . Utilization of benzylalcohol might be considered a prerequisite for initial activation of toluene via methyl group oxidation (5, 14) . In this paper we describe our studies in which we examined the initial reaction in anaerobic toluene degradation by strains T and K172. Moreover, we also investigated the initial reaction in anaerobic degradation of m-xylene by strain T. Our results clearly indicate that initial direct oxidation of the methyl groups of toluene and m-xylene occurs.
MATERIALS AND METHODS
Chemicals, microorganisms, and culture conditions. The chemicals which we used were analytical-grade chemicals and were obtained from Fluka, Buchs, Switzerland. The gases N2 (>99.999% pure) and N20 (>99.9% pure) were obtained from PanGas, Lucerne, Switzerland.
The methods used for enrichment, isolation, characterization, and cultivation of Pseudomonas sp. strain T and Pseudomonas sp. strain K172 have been described previously (4, 18) . The bacteria grew well at 25°C in phosphate-buffered (11 mM for strain T, 18.5 mM for strain K172) mineral salts media at a pH of about 7.5. The media were prepared oxygen free by autoclaving and cooling them under a stream of N2 or N20; serum bottles were filled with these media, flushed with N2 (when nitrate was the electron acceptor) or N20 (when N20 was the electron acceptor), and sealed with butyl rubber stoppers.
Substrates other than aromatic hydrocarbons were added from sterile stock solutions. Aromatic hydrocarbons were added as pure liquids with a microsyringe unless indicated otherwise. Since aromatic hydrocarbons and halogenated toluene derivatives sorbed to the butyl rubber stoppers, an equilibrium among the stopper, the headspace, and the medium developed in each preparation. Therefore, only about 50 to 60% of the substrate added could be detected in the liquid phase. During degradation in the liquid phase the sorbed hydrocarbons desorbed slowly from the stoppers. The concentrations of toluene, xylenes, and halogenated toluene derivatives given below were always calculated as concentrations attributed to the aqueous phase (i.e., we assumed all hydrocarbons to be in the aqueous phase and no sorption to be taking place).
The substrate concentrations used for growth of the bacteria were as follows: 0.5 to 1.0 mM for toluene or m-xylene; 1 dThis unidentified transformation product from 4-fluorotoluene was designated product 1.
syringes and were analyzed for the parent compound, as well as for transformation products. Analysis of toluene, xylenes, and halogenated toluene derivatives. Toluene, xylenes, and chloro-and fluorotoluenes were analyzed with a gas chromatography apparatus equipped with a flame ionization detector and a glass column (2 m by 3 mm) packed with 5% Bentone 34 plus 5% SP1200 on Supelcoport (100/120). The carrier gas was nitrogen at a flow rate of 20 ml min-', the isothermal oven temperature was at 100°C, the injector temperature was 150°C, and the detector temperature was 150°C. Portions (0.5 ml) of samples or aqueous standards were extracted with 0.5 ml of hexane in 3-ml vials, and 1 pul of the organic phase was injected onto the column with an autosampler.
Analysis of benzylalcohol, benzaldehyde, and benzoate derivatives. Benzylalcohol, benzaldehyde, and benzoate, as well as their methylated or halogenated derivatives, were identified and quantified by high-performance liquid chromatography (HPLC) with UV detection at 254 nm. Samples (0.5 ml) were acidified with 0.3 M perchloric acid and centrifuged, and 10-,ul portions of the supernatants were injected with an autosampler into a LiChrospher 100 RP-18 column (12.5 cm by 4 mm; particle size, 5 ,um; Merck). The mobile phase was a mixture of tetrahydrofuran, methanol, and 50 mM ammonium phosphate in water (pH 3.0) (6:10:36, vol/vol/vol). The flow rate was 1.8 ml min-' for the chlorinated compounds and 1.2 ml min-1 for all other compounds. The retention times of the aromatic compounds are shown in cell suspensions from toluene, the xylenes, and the halogenated toluene derivatives. The retention times of these products differed from the retention times of the corresponding aromatic alcohols, aldehydes, or acids (Table 1 ). For gas chromatography-mass spectrometry analyses of the transformation products, acidified (pH <2) supernatants (10 (Fluka) . The resulting solutions were transferred to tubes, which were sealed and incubated for 30 min at 60°C to convert carboxylic acids into methyl esters. After 1.5 ml of a solution of 15% NaCl in water was added, the esters were extracted with 1 ml of hexane and analyzed by gas chromatography-mass spectrometry. The Strain T does not grow with ethanol (4). The specific radioactivities in the cultures were 18 and 9,uCi mmol-' of toluene, respectively (about 20,000 dpm ml-1). After 5 days the toluene was depleted, and the radioactivity of the toluene transformation product was determined. The culture medium was acidified, and "4CO2 was purged with a stream of N2-CO2 (80:20) .
After centrifugation all of the radioactivity in the supernatant could be extracted with ethylacetate. The ethylacetate extract was concentrated 15 times and fractionated by HPLC; 90% of the radioactivity applied to the column eluted within the peak of the transformation product.
RESULTS
Identification of transformation products formed from toluene. In cultures of Pseudomonas sp. strain T and Pseudomonas sp. strain K172 growing anaerobically with toluene a transformation product was detected by HPLC (Fig. 1) . This product accumulated simultaneously with a decrease in the toluene concentration irrespective of the electron acceptor used (N20 or nitrate). After the toluene was consumed, the concentration of this transformation product remained constant for at least 20 days. Samples of cultures were extracted with ethylacetate, and after methylation of carboxylic acids gas chromatography-mass spectrometry analyses were performed. Two peaks dominated the total-ion chromatograms. One of these peaks had the same retention time as the standard of the dimethylester of benzylsuccinic acid; the mass spectra also were identical. The compound obtained from the second peak had the same mass spectrum as the dimethylester of benzylfumaric acid (3, 5 mM) was added to anoxic cell suspensions of strain T or K172, accumulation of benzaldehyde started, and benzoate was detected after a few minutes (Fig. 2) . The maximum concentrations of benzaldehyde (5 puM) and benzoate (16 ,uM) were reached after about 1 h, and these concentrations remained nearly constant for up to 2 h, when the concentration of toluene was still more than 5 mM. The cell suspensions were then incubated at 25°C, and after 4 h no toluene, benzaldehyde, and benzoate could be detected. When cell suspensions were incubated at 12°C after toluene was added, benzaldehyde Figure 3 shows the time course of the transformation of 4-fluorotoluene by strain T cells to two transformation products; one product was identified as 4-fluorobenzoate. The concentrations of the halogenated benzoates formed by strain T cells differed only a little between cells grown with toluene and cells grown with m-xylene. In contrast, strain K172 cells oxidized only 3-chlorotoluene and 4-fluorotoluene to significant degrees to the corresponding benzoate derivatives ( Table 2 ).
As shown in Fig. 3, 4 -fluorotoluene was transformed not only to 4-fluorobenzoate but also to product 1, an unidentified transformation product (Table 1) transformation product was also formed from each of the other halogenated toluene derivatives. These products exhibited similar behavior, and on the basis of their retention times during an HPLC analysis, we concluded that they could not be the corresponding benzylalcohol, benzaldehyde, and benzoate derivatives (Table 1) . Whereas strain K172 cells oxidized only 4-fluorotoluene to 4-fluorobenzoate, they formed the same transformation product from each of the toluene derivatives as strain T cells did. The concentrations of the transformation products that accumulated in the cell suspensions varied a great deal from one batch of cells to another.
Induction of enzyme activities for oxidation of toluene.
Strain T cells were induced for oxidation of the methyl group of toluene after anaerobic growth with toluene and also when they were grown anaerobically with m-xylene, pyruvate, or benzoate. After aerobic growth with benzoate, no methyl group oxidation was detected ( (18) . Cells of this strain were only able to oxidize the methyl group of toluene and the methyl group of 4-fluorotoluene to a carboxyl group. This was probably not because this organism does not transport toluene derivatives into the cell; rather, it was probably because this organism exhibits strong substrate specificity in its methyl group-oxidizing enzyme system. Despite these differences between strains T and K172 in the enzyme systems that initiate anaerobic toluene degradation, both strains produced benzylfumarate and benzylsuccinate during anaerobic growth with toluene. Benzylfumarate has also been detected in the culture fluids of other toluene-grown denitrifying bacteria (data not shown). Formation of these transformation products has also been observed with other toluene-degrading sulfate-reducing bacteria and with denitrifying bacteria (3, 5) . On the basis of these observations, Evans et al. (5) postulated that there is an anaerobic degradation pathway that starts with the oxidative addition of acetylcoenzyme A to toluene, yielding phenylpropionyl-coenzyme A. Formation of benzylsuccinate and benzylfumarate is assumed to be a nonspecific side reaction of this first enzyme that catalyzes the oxidative addition reaction, but experimental evidence is lacking (5, 9) . In strain K172 cells transformation of toluene most likely was catalyzed by an enzyme other than the enzyme that initiates the anaerobic degradation of toluene. Both strain T cells and strain K172 cells after anaerobic growth with any substrate always catalyzed this transformation reaction. In addition, strain K172 cells, which oxidized only 4-fluorotoluene to 4-fluorobenzoate, did produce the same transformation product from each of the xylene isomers and the halogenated toluene derivatives as strain T cells.
Denitrifying Pseudomonas sp. strain T and denitrifying Pseudomonas sp. strain K172 differ in the ability to grow with VOL. 60, 1994 on October 20, 2017 by guest http://aem.asm.org/ Downloaded from benzylalcohol or m-xylene and in the ability to oxidize the xylenes or halogenated toluene derivatives to the corresponding benzoate derivatives. Thus, different enzyme systems seem to be involved in the initial reaction of anaerobic toluene degradation. However, we found that in both strains oxidation of the methyl group (yielding benzaldehyde and benzoate) was the first step in anaerobic toluene degradation.
